ABSTRACT A small placental surface area at birth is associated with an increased risk of hypertension in the offspring in later life. Preeclampsia is associated with impaired implantation and with increased blood pressure in the offspring. We hypothesized that preeclampsia would be associated with a small placental surface area. We studied placental size in 6410 deliveries at the Helsinki University Central Hospital during 1934-44. 284 of the pregnancies were complicated by preeclampsia. 1855 were complicated by hypertension without proteinuria. The area of the placental surface was estimated from two diameters that were routinely recorded, a maximal diameter and a lesser one at right angles to it. Compared to normotensive pregnancies, the placentas from pregnancies complicated by preeclampsia had a reduced surface area and the surface was more oval. The thickness, however, was increased. When the two diameters were analyzed together, preeclampsia was not associated with the length of the maximal diameter, but was strongly associated with a short lesser diameter (p<0.0001). This was a graded relation: the shorter the lesser diameter, the greater the risk for, and severity of, preeclampsia. Placentas from pregnancies complicated by hypertension without proteinuria had a reduced surface area, with short lesser and maximal diameters. Processes that underlie preeclampsia may be closely related to the amount of placental tissue on the minor axis of the placenta. We postulated that placental growth is polarized from the time of implantation, so that growth along the major and minor axes is qualitatively different.
a reduced placental surface area (Barker et al., 2010) .
In the Helsinki studies we estimated the placental surface area using two "diameters". Textbooks of midwifery written around the time when the cohort was born, 1934-44, describe the placental surface as being either "oval" or "round" (Anderson 1930; Hinselmann 1925) , although it was recognized that other, deviant shapes occurred. The average diameter was given as 16 to 20 cm, which corresponds to the diameters in Helsinki where two diameters, a maximal one and a lesser one bisecting it at right angles, were routinely recorded in the birth records to describe the extent to which the surface was more oval than round. Although these are not strictly diameters, we have preserved this historical usage in our paper. We combined the placental diameters to estimate area and we used the diameters and placental weight to estimate placental thickness (Barker et al., 2010) . We found that variations in the lesser diameter predicted hypertension more strongly than variations in the maximal diameter. We proposed that the growth of the lesser diameter is more nutritionally sensitive than the growth of the maximal diameter.
Preeclampsia is a major disorder of pregnancy in which hypertension in the mother is associated with retarded fetal and placental growth. It is initiated by inadequate placentation as a result of impaired invasion of the maternal spiral arteries by the trophoblast at implantation (Roberts and Cooper 2001) . Preeclampsia occurs in women who, as a group, had low birthweight and have increased levels of cardiovascular risk factors before they become pregnant (Bellamy et al., 2007; Chesley et al., 1975; Irgens et al., 2001; Funai et al., 2005; Haukkamaa et al., 2004; Laivuor et al., 1996; Pouta et al., 2004; Ray et al., 2005; Smith et al. 2001; Zetterstrom et al., 2007) . It may be viewed as an early manifestation of an adverse maternal phenotype (Roberts and Cooper 2001) . In preeclampsia impaired implantation leads to fetal malnutrition and small body size at birth. Children whose mothers had preeclampsia during the pregnancy have raised blood pressure (Seidman et al., 1991; Tenhola et al., 2006; Vatten et al., 2003) . We hypothesized that, consistent with our findings on the link between placental area and hypertension in adult life, pregnancies complicated by preeclampsia would be associated with reduced placental surface area and thickness and a short lesser diameter.
Results

284
(5 percent) of the mothers had pre-eclampsia; 164 of these had severe pre-eclampsia, 120 had mild disease. 1855 mothers had hypertension without proteinuria. We have previously reported that the babies of mothers who had preeclampsia had lower mean birth weight and length, head circumference and ponderal indices (birthweight/length 3 ) at birth compared with the babies of normotensive mothers (Kajantie et al., 2009) . They were in addition born at an earlier gestational age. Babies whose mothers had hypertension without proteinuria had a lower birth weight and ponderal index at birth than babies from normotensive mothers. They had, however, a higher mean head circumference and a higher ratio of head circumference to length. Table 1 shows the mean measurements of placental size in the different groups of pregnancies. When compared to pregnancies with normal blood pressure those complicated by hypertension without proteinuria were associated with reduced placental weight, and reductions in both of the diameters and area, but not with alterations in thickness or in the ratio of the two diameters. Mild preeclampsia was not associated with reductions in weight or the maximal diameter, but the lesser diameter, the ratio of the diameters and area were reduced. In severe preeclampsia all the measurements of size were reduced except for thickness, which was increased. Table 2 shows the trends in hazard ratios. Consistent with the findings for the mean measurements hazard ratios for hypertension without proteinuria fell as placental weight, both diameters and area increased. Hazard ratios for mild preeclampsia fell as the lesser diameter, the ratio of the diameters and area increased. Hazard ratios for severe preeclampsia fell with increases in all the measurements except for thickness. Increasing thickness was
Normotension
Hypertension without proteinuria Mild preeclampsia Severe preeclampsia (n = 4271) (n = 1855) (n = 120) (n = 164) associated with increased risk of preeclampsia. We combined mild and severe preeclampsia and examined the relative strength of the associations with the two placental diameters. In a simultaneous regression there was a strong trend of decreasing risk as the lesser diameter increased (p<0.0001). There was no trend with the maximal diameter (p=0.9). This was unchanged when placental weight was added to the regression, though low weight had a small additional effect (p=0.04). Figure  1 shows the trend in odds ratios with the lesser placental diameter.
Discussion
We found that in pregnancies complicated by preeclampsia the surface area of the placenta was reduced and the surface was more oval in shape than in normotensive pregnancies. We found, unexpectedly, that the geometric thickness of the placentas was greater than in normotensive pregnancies. The reductions in the mean values of the placental measurements in preeclampsia were relatively small (Table 1) , but the trends in hazard ratios with changes in the measurements were strong (Table 2) . Preeclampsia is associated with impaired invasion of the maternal spiral arteries by the trophoblast at implantation (Roberts and Cooper 2001) . To what extent the placental surface area reflects trophoblast surface area is not known, but it is reasonable to suppose that they correlate. We speculate that the increase in thickness in preeclampsia is compensatory for restricted expansion of the surface area. Hypertension without proteinuria was also associated with reduced placental surface area but there was no alteration in shape or increase in thickness.
We estimated the placental surface area using two diameters. At the time when the cohort was born in Helsinki the two diameters were routinely measured. Their size was highly correlated (correlation coefficient =0.63), and they differed on average by only 2.4 cm. In mild preeclampsia the lesser diameter was smaller than in normotensive pregnancies while the maximal diameter was the same ( Table 1 ), so that the ratio of the diameters was reduced, and the surface was more oval in shape. In severe preeclampsia the mean lesser diameter was 1.2 cm smaller than in normotensive pregnancies while the maximal diameter was only 0.7 cm smaller (Table 1 ) so that the ratio was further reduced.
When we examined the association between preeclampsia and each diameter in a simultaneous regression the association with the lesser diameter was strongly statistically significant while there was no association with the maximal diameter. The association with a short lesser diameter was therefore independent of the size of the surface area, and we found that it was also independent of placental weight. The association between preeclampsia and the lesser diameter therefore depends on the absolute length of the diameter rather than its relative length.
One possibility is that a short lesser diameter at birth is a marker of impaired implantation, only indirectly linked to the pathogenesis of preeclampsia. It is, however, difficult to reconcile this with the lack of an association between the maximal diameter and preeclampsia. Rather, the strong, graded relation between the absolute length of the lesser diameter and preeclampsia suggests that it is directly linked to the pathogenesis of the disease. This link must be through a structure or function that it does not share with the maximal diameter. We postulate that placental growth is polarized from the time of implantation, so that growth along the major axis, which results in the maximal diameter, is qualitatively different to growth along the minor axis. This could explain functional differences in tissues that grow along the maximal or lesser axes. One possibility is that the major axis is aligned with the rostro-caudal axis of the embryo. Preeclampsia is known to be associated with oxidative stress and the release of soluble receptors that hinder angiogenesis in the mother (Ahmad and Ahmed 2004; Burton and Jauniaux 2004; Romero et al., 2008) . We do not know what process is linked to retarded growth along the lesser diameter and hence to preeclampsia. Whatever the process, it is associated with raised blood pressure in the mothers and with raised blood pressure in their offspring in later life (Barker et al., 2010; Seidman et al., 1991; Tenhola et al., 2006; Vatten et al., 2003) . The relation between the size of the lesser diameter and preeclampsia is graded ( Table 2) . The shorter the diameter, the greater the risk for, and severity of, preeclampsia. This suggests that processes that underlie the disease are closely related to the absolute amount of placental tissue on that axis.
Hypertension without proteinuria is not thought to be the result of impaired implantation. The placental changes associated with it must therefore be determined at some later stage of gestation. Compared to placentas from normotensive pregnancies the placentas from these pregnancies have a reduced surface area, with short lesser and maximal diameters, but are similar in thickness. They are more symmetrical than those from pregnancies complicated by preeclampsia. There is a progressive decrease in the length of the lesser placental diameter between placentas from pregnancies complicated by hypertension without proteinuria, to those associated with mild preeclampsia, to those associated with severe preeclampsia (Table 1) . This matches the progressive increase in the clinical severity of these disorders.
Limitations of the study
The prevalence of preeclampsia in our study is consistent with reported prevalences of 3-5% of pregnancies (Irgens et al., 2001; Roberts and Cooper 2001) . A limitation of the study is that we have no data on eclampsia itself, which at that time was a major obstetric challenge complicating 0.6 percent of pregnancies at Helsinki University Central Hospital. Moreover, our data did not allow us to have two elevated blood pressure measurements to establish the diagnosis of hypertension without proteinuria, resulting in a relatively high prevalence. We have previously discussed other limitations of the Helsinki Birth Cohort Study, which comprises 13,345 people who were born in one of two public hospitals in the city and attended child welfare clinics (Barker et al., 2005) . Although the majority of children attended these clinics, which were free, attendances were voluntary. The distribution of social class, as indicated by fathers' occupations, was similar, however, to that of the city as a whole. Only half of the cohort had antenatal records after twenty weeks of pregnancy and were therefore eligible for the present study. The body size at birth of people with these records was similar to that of people without records. Their mothers tended to be shorter and younger, though these differences were small. More of the mothers were primiparous, and more were married to manual workers.
Conclusion
Preeclampsia is associated with abnormal placentation and with increased blood pressure in the offspring. We have shown that a small placental surface area at birth is associated with an increased risk of hypertension in the offspring in later life. The surface area was estimated from two diameters, a maximal one and a lesser one at right angles. These were routinely recorded in the past because it was recognized that the placental surface was usually more oval than round. We hypothesized that preeclampsia would be associated with a small placental surface area. We studied placental size in 284 pregnancies complicated by preeclampsia. Compared to 4271 normotensive pregnancies the placentas had a reduced surface area and the surface was more oval. The thickness, however, was increased, which might be compensatory. When the two diameters were analysed together preeclampsia was not associated with the length of the maximal diameter, but was strongly associated with a short lesser diameter (p<0.0001). This was a graded relation: the shorter the lesser diameter, the greater the risk for, and severity of, preeclampsia. Processes that underlie the disease may be closely related to the amount of placental tissue on this minor axis. We postulated that placental growth is polarized from the time of implantation, so that growth along the major axis, which results in the maximal diameter, is qualitatively different to growth along the minor axis.
Materials and Methods
The Helsinki Birth Cohort comprises 13 345 men and women born from 1934 through 1944 in one of the two maternity hospitals in Helsinki, the University Central Hospital and the City Maternity Hospital. Details of the birth records have been described (Eriksson et al., 2001) . They include the mother's height, weight in late pregnancy, age and parity. They also include the weight of the placenta, together with its maximal diameter and a lesser diameter taken at right angles to it. Assuming an elliptical surface, we estimated the surface area of the placenta as maximal x lesser diameter x π/4. Assuming a constant density we estimated the geometric thickness of the placenta as weight divided by area. We calculated the ratio of the lesser to the maximal diameters as a measure of asymmetry of the surface. 6410 of the mothers had their blood pressures and the results of urinary protein tests recorded after 20 weeks of pregnancy. All pregnant women were encouraged to attend the antenatal clinics which were introduced in Helsinki in 1928. We used the blood pressure levels and urinary protein results to define pre-eclampsia. We defined four groups of mothers: (1) those who had severe pre-eclampsia, with proteinuria + and a systolic blood pressure of 160 mm Hg or more or a diastolic pressure of 110 mm Hg or more; (2) those who had mild pre-eclampsia, with proteinuria + and a systolic blood pressure of 140 mm Hg or more or a diastolic pressure of 90 mm Hg or more in the absence of severe preeclampsia; (3) those who had hypertension without proteinuria, with a systolic pressure of 140 mm Hg or more or a diastolic pressure of 90 mm Hg or more; (4) those who were normotensive.
Compared to the 6935 members of the cohort who did not have maternal blood pressure and urinary protein recorded after twenty weeks of gestation, those 6410 with records had similar body size at birth and maternal weight, but their mothers were 0.5 cm shorter and 0.4 years younger. 50 percent of them were primiparous compared to 46 percent of those with no data available. 72 percent of them were of low socioeconomic status, defined by the father being a manual worker, compared to 60 percent.
The ethics committee at the National Public Health Institute in Helsinki approved the study.
Statistical methods
We used two-sample t-tests and chi-square tests to compare the characteristics of mothers and babies in pregnancies affected by preeclampsia or hypertension without proteinuria with those of mothers and babies in normotensive pregnancies. We adjusted these analyses of birth and childhood measurements and gestational age by multiple linear regression. We used a Cox proportional hazards model to calculate the hazard ratios for preeclampsia.
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